Introduction
Due to environmental consciousness swelling and the expected increase in global steel production fueled by the economic growth of developing countries, one of the most important advantages of the direct iron smelting reduction process is the ability to directly use lower grade non-coking coals and fine iron ores to eliminate coke ovens and sintering or palletizing plants. Therefore, the direct iron ore smelting reduction process can significantly reduce air pollution, manufacturing costs and energy consumption ( 1 -2 ) . The direct iron ore smelting reduction process is the ultimate process in new iron-making methods.
Melting and reducing of the ferric oxide occurs in the Ironmaking
Smelter, where a gas bottom blowing process results in a make better mixing efficiency. As the molten iron and slag interfacial area increases, oxidation of the ferric oxide and the molten iron production efficiencies also increase. Generally speaking, the intensity of gas bottom-blowing in an Ironmaking Smelter is much higher than a converter and ladle because a higher mixing efficiency ( 1 , 2 ) is sought. Hence, the bottom refractory lining was seriously corroded around the tuyere tips which are responsible for delivering a much higher mixing efficiency.
According to Yang's ( 3 ) introductions, the wear is due to chemical, thermal, and mechanical reasons, which reduce a furnace lining's life.
In addition for clarification, the mechanical cause of refractory wear will be defined as erosion.
Some investigators have explained two mechanisms of mechanical wear, which are back-attack ( 3~5 ) and cavitation erosion ( 6~8 ) . One of the earliest explanatory attempts was the back-attack model ( 3~5 ) , mean that describes a gas having compression and hydraulic pressure which change near the tuyere tip, resulting in bubbles impacting refractory lining thus forming smooth erosion surface. The cavitation erosion model ( 6~8 ) can be characterized by the liquid impact as a change of hydraulic pressure near the tuyeres is generated from the blow-back of a bubble, which results from the gas bubbles collapsing around tuyeres, thereby eroding the refractory surface. The reason is due to large bubbles decomposing into small bubbles with high energy, which form small bubble implosions that corrode the refractory lining seriously.
The phenomenon made obvious holes on the surface of refractory ( 9~1 0 ) .
In addition, adequate bottom-blowing conditions were effective in restraining erosion of the refractory lining near the tuyere tips in the Ironmaking Smelter.
Experimental
In the simulated experiment, an acrylic water model, 60% scale-size of the Ironmaking Smelter, is shown in Fig. 1 . The range of the experimental conditions was determined from gas-liquid dimensionless groups of Modified Froude Number. In essence, the water model experiments were conducted to investigate the erosion of the bottom refractory lining around the tuyere tips inside an Ironmaking Smelter under different gas bottom-blowing conditions.
Derivations from Gas-Liquid Dimensionless Groups:
The dimensional analysis technique was used to intensify the similarity between the water model and the Ironmaking Smelter.
Firstly, based on the Modified Froude Number ( 11 , 1 2 ) and Modified
Weber Number ( 1 3 ) , as well as the dimensional analysis of the Buckingham theorem ( 1 4 , 1 5 ) , dimensionless groups for the similarities between the water model and the Ironmaking Smelter were derived. In the present study, the modified Froude number was used to determine the range of the gas flow rate, which was converted from an Ironmaking
Smelter to our water model. For this study, water and air were used to simulate the molten iron and blowing gas (N 2 ) respectively. The gas flow rate of injected gas in the water model could be determined by the modified Froude number (N' F r ) ( 11 , 1 2 ) which represents the kinetic energy and potential energy of the blowing gas. N' F r can be expressed by
Where ρ g is density of the gas (g/cm 3 ), ρ l is the density of liquid (g/cm 3 ), g is gravitational acceleration(cm/s 2 ), H is the liquid hight(cm), and U i is the velocity(cm/sec). According to Kim and Fruehan, who proposed an empirical equation ( 1 6 ) that substituted for the known number of this study, the equation was shown as Q m ＝ 0.772λ 5 / 2 Q f . s . Where Q m is the gas flow rate operation in the water model of reduced size (L/min), Q f . s is the gas flow rate operation in the water model of full size (L/min), and λ is the ratio of reduction. Hence the range of the gas flow rate in the water model of reduced size can be obtained using this equation.
Refractory Erosion Near the Tuyere Tip:
As substitutes, water, disc-type specimens made of fine boric acid
powder by hydraulic press method, and air are used to simulate the molten iron, the refractory lining of the furnace, and the bottom blowing gas (N 2 ), respectively. The boric acid disks were placed near the tuyere tip, as is shown in Fig.2 . The water model experiments were then conducted to investigate the erosion of the bottom refractory lining around the tuyere tips inside an Ironmaking Smelter under different gas bottom-blowing conditions. In the water model, the height of the liquid bath was kept at 480mm. In this experiment, the major parameters of the gas bottom-blowing conditions were the gas flow rate (80~120NL/min), the inside diameter (6.0~15.0mm), the tuyere numbers (3~5tuyeres as shown in Fig.3) , and the placement of the bottom blowing tuyeres (as in Fig.4 ).
The refractory erosion time was tested at 5, 10, and 15 minute intervals which measured the weight loss of the boric acid disks and noted the sample surface corrosion. In addition, the erosion rate was defined as the slope of sample weight loss plotted against the gas bottom-blowing time with linear regression.
Results and Discussion

The Refractory Erosion of Various Gas Flow Rates
Fig .5 illustrates the relationship between the erosion rate and gas flow rate under the different tuyere sizes for operating conditions of four tuyeres, with the height of the water phase constant at 480mm. Fig.5 shows, under different tuyere sizes, that the erosion rate decreased when the gas flow rates ranged from 80 to 120L/min per a tuyere. The authors speculate that the gas flow rate is equal to the product of the gas velocity and the cross-sectional area of the tuyere. With a constant tuyere size, gas velocity decreased as the gas flow rate decreased, thus reducing the intensity of bubbles impacting specimens near the tuyere tips. In addition, slight agitations of the liquid made the degree of fluid scouring lighter. All of the above mentioned items, result in a lower erosion efficiency. Therefore, it could be concluded that a gas flow rate of 80L/min per tuyere is the optimal flow rate for lowest erosion efficiency.
The Refractory Erosion of Various Tuyere Sizes
The relationship between the erosion rate and tuyere size under different gas flow rates and tuyere numbers is shown in Fig.6 (a) for 3 pipes, and (b) for 4 pipes, respectively. Fig.6 (a) shows that the value of the erosion rate decreases as the tuyere size decreases. Thus, the lowest erosion efficiency was found at a tuyere size of 15mm for three bottom blowing tuyeres. The reason for this can be seen and explained in Fig.7 , which shows a smooth region surface identified as the Back-attack model ( 3~5 ) .
Furthermore, the rough region of many pits was distributed over the erosion surface, which could be called cavitation erosion ( 6~8 ) . These pictures also display that, under the same gas flow rate of a tuyere, as the tuyere size increases with the width of a smooth region, the rough area was become less and less no obvious. In addition, pit numbers and size were reduced, respectively. These experimental results indicate that as the tuyere size increases, the effect of erosion was slighter. Based on the above experimental observations, it can be concluded that for a three tuyere system, the lowest erosion rate of boric acid specimens was found at a 15 mm diameter tuyere. Fig.6 (c) , it can be seen that under five tuyeres, the same result occurs. But with four tuyeres, a tuyere size of 10.0mm gives the lowest erosion rate under a constant gas flow rate, as is shown in Fig.6 (b) . This result may be caused by the influence of fluid flow. Therefore, this observation must be utilized in recording the fluid flow patterns in water modeling, which was carried based on the aforementioned evidence. Taking the above into consideration, extending the life of a refractory, 15 mm tuyere with a three tuyeres system is beneficial.
The Refractory Erosion of Various Tuyere Numbers
The investigated effects of tuyere numbers on refractory erosion is shown in Fig.8 . This indicates that, when the gas flow rate is 80 ~120L/min with a constant tuyere size, the erosion rate decreases with the tuyere number. This phenomenon could be because under the same tuyere size and gas flow rate, as the tuyere numbers increased, the total gas flow rates, and the stirring energy of gas injection could be increased, which resulted in higher agitation of liquid in the water model system. This resulted in the degree of fluid scouring becoming serious, causing severe erosion. Therefore, the lowest erosion efficiency was found with a three tuyere system.
The Refractory Erosion of Various Tuyere Placement
In the present study, triangle-corners-center and square-corners with four tuyeres were employed to study the effects of tuyere placement on refractory erosion. 
Conclusion
Based on the standard operational conditions, the influence of various operational variables on refractory erosion tests in a transparent acrylic water model was studied. The conclusions can be summarized as follows:
1. When the gas flow rate decreased, the value of the erosion rate decreased, which tended to cause less erosion. Hence, a gas flow rate of 80L/min per tuyere can be considered the optimal gas flow rate for obtaining the optimal conditions. Tuyere Size (mm) Tuyere Size (mm) Tuyere Size (mm) 
